Argonaute (Ago) proteins are the effector proteins of RNA interference (RNAi) and related silencing mechanisms that are mediated by small RNAs. Ago proteins bind directly to microRNAs (miRNAs) and to short interfering RNAs and are the core protein components of RNA induced silencing complexes (RISCs) and microRNPs (miRNPs). Here we report that an~70-nt RNA associates specifically with immunopurified Ago2 expressed in human 293 cells. By directional cloning we identified this RNA as the mitochondrial tRNA Met (mt tRNA Met ). Various exported (mt) tRNAs were detected in the cytosol of 293 cells, but Ago2 was found selectively bound to (mt) tRNA
Argonaute (Ago) proteins are found in most organisms from fission yeast to humans (Carmell et al. 2002) . Ago proteins play key roles in all RNA interference (RNAi)-related phenomena, including microRNA (miRNA) or short interfering RNA (siRNA)-directed target RNA cleavage, translational repression, or chromatin silencing (Carmell et al. 2002; Lippman and Martienssen 2004; Murchison and Hannon 2004) . Mammals have four canonical Ago proteins (Ago1-4), all of which associate with miRNAs and siRNAs (Liu et al. 2004; ). Mammalian Ago2 is the endonuclease that cleaves RNA targets that bear extensive complementarity to miRNAs or to siRNAs (Liu et al. 2004; Song et al. 2004 ). miRNAs are the major RNA species associated with human Ago2 when immunoprecipitated with an anti-Ago2 monoclonal antibody (Mourelatos et al. 2002) . Mammalian Ago2 is localized predominantly in the cytoplasm and in association with the endoplasmic reticulum and Golgi apparatus in rat kidney cells (Cikaluk et al. 1999 ).
To study further Ago-associated RNAs, we transfected human embryonic kidney 293T cells with mouse Ago2 and Ago1 that carried a carboxy-terminal, myc epitope tag (Doi et al. 2003) and performed immunoprecipitations with the anti-myc antibody 9E10. Immunoprecipitations from 293T cells, transfected with vector only or with two other myctagged, RNA binding proteins, SMN and hnRNPC1, served as negative controls. We first analyzed the immunoprecipitates by Western blots with 9E10. As shown in Figure 1A , all transfected proteins were expressed and immunoprecipitated, although the expression of Ago1-myc was lower than that of Ago2-myc. Next, RNA was isolated from the immunoprecipitates, 3
0 -end labeled with [5 0 -32 P]-pCp, and resolved on 10% UREA-PAGE. As shown in Figure 1B , an abundant $70-nt RNA co-immunoprecipitated specifically with Ago2-myc. The $70-nt RNA was also detected in Ago1-myc immunoprecipitates (Fig. 1B) but was less abundant, likely because the amount of immunoprecipitated Ago1-myc protein was less than the amount of Ago2-myc protein (Fig. 1A) . Interestingly, $22-nt RNAs, corresponding to miRNAs, were mostly absent from Ago2-myc or Ago1-myc immunoprecipitates (Fig. 1B) , although we did detect low amounts of miRNAs in some of these experiments. However, the $70-nt band was consistently present in all experiments and was therefore gel excised and directionally cloned. The statistics of the cloning are presented in Figure 1C . Forty-nine clones were sequenced, and of those, 25 clones contained inserts corresponding to the human mitochondrial (mt) tRNA Met ( Fig. 1D ). Many of these clones contained the full-length sequence of (mt) tRNA Met , including the CCA triplet at the 3 0 end, which is added post-transcriptionally. All human (mt) tRNAs, including (mt) tRNA Met , are transcribed from mitochondrial DNA (Wallace 1999) . There are four pseudogenes of (mt) tRNA Met in the human genome, but they all contain mutations that distinguish them from the authentic (mt) tRNA Met . Because all the clones that we sequenced from the Ago2 immunoprecipitates corresponded to the authentic (mt) tRNA Met sequence, the (mt) tRNA Met that associates with Ago2 is derived from mitochondria.
We considered the possibility that the association of (mt) tRNA Met with Ago2 might represent an overexpression artifact or that it might have occurred as a result of contamination of the lysate with mitochondrial components during cell lysis. We also considered the possibility that placement of the myc tag at the carboxy terminus of Ago2 might have altered the properties of the protein. To eliminate these possibilities we performed immunoprecipitations from cytosolic lysates, devoid of mitochondria, from a 293 cell line that expressed stably FLAG-Ago2.
First, we cloned Ago2 with a FLAG tag at the amino terminus and we used the Flp-In system (Invitrogen) to create a stable 293 cell line in which the FLAG-Ago2 transgene was integrated in a defined genomic locus as a single copy and under the control of a tetracycline inducible promoter. We then lysed the cells using conditions that preserved the integrity of the mitochondria and prepared cytosolic lysates devoid of mitochondria using the ApoAlert Cell Fractionation Kit (BD-Biosciences/Clontech) (Dounce et al. 1955) . We analyzed the lysates prepared from induced and uninduced 293 cells on a Western blot using an anti-FLAG antibody. As shown in Figure 2A , FLAG-Ago2 was present only in the lysate from the tetracycline induced 293 cells. We then performed immunoprecipitations with anti-FLAG The cells were lysed under conditions that preserve the mitochondrial integrity and the lysates were spun to pellet the mitochondria. The post-mitochondrial supernatants (cytosolic lysates) were subjected to immunoprecipitation (IP) with anti-FLAG antibodies. RNA was isolated, resolved on a 10% UREA-PAGE, blotted on a membrane, and probed with radiolabled oligos against the indicated (mt) tRNAs. antibody from cytosolic lysates (devoid of mitochondria) derived from the tetracycline induced and from the uninduced 293 cells. We isolated RNA from the immunoprecipitates and analyzed it by Northern blotting using radiolabeled probes specific for four (mt) tRNAs: tRNA . We also analyzed the cytosolic lysate (devoid of mitochondria) and the total lysate (that contained mitochondria) from the tetracycline induced 293 cells. As shown in Figure 2B , only the (mt) tRNA Met associated with FLAG-Ago2, although all tested (mt) tRNA were present in the cytosol of 293 cells. Furthermore we analyzed the cytosolic lysates of the tetracycline induced 293 cells by Western blot using an antibody against the mitochondrial protein COX4. As shown in Figure 2C , COX4 was not detected in the cytosolic lysates, confirming that these lysates were devoid of mitochondria.
The association of (mt) tRNA Met with Ago2 is intriguing. It is possible that (mt) tRNA Met plays a role, perhaps regulatory, in the assembly or function of RNA induced silencing complexes or microRNPs. Alternatively, Ago2 may have a mitochondrial function. Experiments to address the functional significance of the association between Ago2 and (mt) tRNA Met are in progress. Interestingly, a number of reports suggest a possible link between mitochondrial components and RNAi-related silencing mechanisms. Polar granules in Drosophila melanogaster apparently contain exported, mitochondrial small and large ribosomal subunits (Kobayashi et al. 1993) as well as the Argonaute protein Aubergine (Harris and Macdonald 2001) . aubergine is required for pole cell formation (Harris and Macdonald 2001) and likely for silencing of transposable elements and other heterochromatic repeats (Aravin et al. 2001 (Aravin et al. , 2004 Reiss et al. 2004) . It is also notable that 10 out of 27 genes that were identified in a genetic screen in Caenorhabditis elegans as required for transposon silencing are genes with known mitochondrial functions (Vastenhouw et al. 2003) . It is tempting to speculate that there might be cross talk between mitochondria and RNAi and that (mt) tRNA Met may provide a physical link that would allow such communication.
MATERIALS AND METHODS

Generation of a stable 293 cell line expressing FLAG-Ago2
The Ago2 insert was excised from the Ago-myc vector by digestion with BamHI and NotI and was ligated at the same restriction sites into a modified pcDNA3 vector, in frame with an amino-terminal FLAG epitope tag. The FLAG-Ago2-pcDNA3 plasmid was then digested with NotI, treated with mung bean nuclease to create a blunt end, and digested again with HindIII. The FLAG-Ago2 insert was gel purified and was ligated into a pcDNA5/FRT/TO vector (Invitrogen), which had been previously digested with NotI, followed by treatment with mung bean nuclease and a second digestion with HindIII. The resultant plasmid was transfected in Flp-In, 293 T-REx cells (Invitrogen) and a stable cell line was generated, according to the manufacturer's instruction. The resultant stable 293 cell line contains a FLAG-Ago2 transgene that, through the Flp recombinase, has been integrated as a single copy in a defined genomic locus. Furthermore, the expression of FLAG-Ago2 is inducible by tetracycline.
Cell culture, immunoprecipitations, Western blots, RNA isolation and cloning, and Northern blots These were performed as previously described (Mourelatos et al. 2002; Nelson et al. 2004) . The sequences of the antisense oligonucleotide probes used on Northern blots to detect (mt) tRNAs were 5 0 -gtataaccaacattttcggggtatggg (tRNA Met ); 5 0 -gggtttaagctcc tattatttactctatcaaag (tRNA Ile ); 5 0 -ggtgttggttctcttaatctttaacttaaaagg (tRNA Lys ); and 5 0 -cta caaccacgaccaatgatatgaaaaac (tRNA Glu ). The secondary structure of mt-tRNA Met was generated by tRNAscan (http://lowelab.ucsc.edu/tRNAscan-SE/).
